Introduction
============

Nanoparticle has strong potential in biomedical applications in, for example, early detection of diseases [@B1] or delivery of drugs to tumor lesion site [@B2]-[@B8]. Nanoparticles can protect drug from degradation during distribution phase, control the accumulation and release of pharmacologically active agents at the pathological site, increase drug efficacy and reduce intensity of side effects by reducing their buildup in healthy tissues [@B9]-[@B11]. Over the last years, numerous theranostic nanoparticle formulations have been designed and evaluated, including liposomes, polymers, protein nanoparticles, gold or iron oxide nanoparticles [@B9], [@B12]-[@B14]. There are a number of successful examples of nanoparticles in clinical applications including Abraxane^®^ and Doxil^®^. Abraxane^®^ is albumin-bound paclitaxel nanoparticle with an approximate diameter of 130 nm and was approved by the FDA for the treatment of breast cancer, lung cancer and other solid tumors [@B15]. Doxil^®^ is a polyethylene glycol coated liposome-encapsulated doxorubicin (DOX), and was approved by the FDA for treatment of AIDS-related Kaposi\'s sarcoma, ovarian cancer and multiple myeloma [@B16], [@B17].

A unique advantage of nanoparticle is its capability to integrate together multiple functions, e.g. tumor therapy, imaging for tumor location, and control cargo release in response to various stimuli. The stimuli include pH [@B18], [@B19], redox potential [@B20], or enzymatic activity [@B21], [@B22]. Here, we demonstrate that tumor surface receptor itself can be an important stimulus to trigger the disintegration of the nanoparticles besides its typical role in promoting the specific accumulation of targeting nanoparticles to tumor. Such new function of receptor targeting nanoparticles is possible because the nanoparticles are held together by non-covalent interaction, and at the same time, maintain high stability.

Cancer cell surface expresses a range of receptors different from normal cells (a complete list of receptors can be found in recent review [@B23]). Commonly used cancer cell surface receptors include epidermal growth factor receptor (EGFR) [@B24], transferrin receptor [@B25], folate receptor [@B26], integrins [@B27] and urokinase-type plasminogen activator (uPA) receptor (uPAR) [@B28]-[@B31]. In this study, we choose uPAR as the target receptor. uPAR is greatly over-expressed on the surface of invasive cancer cells, in invasive borders and in the cancer associated stromal cells. uPAR plays a critical role in cancer cell migration, adhesion, and has been recognized as a promising candidate receptor in cancer targeting therapy and/or imaging [@B32]-[@B34]. A peptidyl inhibitor of uPAR was used successfully in clinical trial for nuclear imaging of primary tumors and lymph node metastases in patients [@B35]. Previously, we developed an uPAR-targeting agent, which is a fusion protein of human serum albumin (HSA) with amino-terminal fragment (ATF) of urokinase-type plasminogen activator (uPA) [@B36] and binds to uPAR at very high potency (sub-nanomolar dissociation constant). ATF-HSA was demonstrated potent antitumor effect by binding to uPAR *in vivo* [@B37].

Results
=======

Preparation and characterization of receptor-responsive nanoparticle (RRNP)
---------------------------------------------------------------------------

To prepare receptor-responsive nanoparticle (RRNP), urokinase receptor targeting agent (ATF-HSA, 125 μl, 200 mg/ml) was denatured by 6 M urea and 55% ethanol, in the presence of mono-substituted β-[c]{.ul}arboxy [p]{.ul}hthalocyanine [z]{.ul}inc (ZnPc-COOH, abbreviated as CPZ). After stirred for about 10 min, and at the moment that aqueous liquid transformed into oily liquid, a large volume of deionized water (8-fold volume) was poured quickly into the mixed solution. This instantaneously reduced the denaturant to a low concentration (0.67 M) allowing for protein refolding. The protein did not refold back into native protein with this procedure, but instead, assembled into RRNP entrapping CPZ with a size of \~40 nm **(Figure [1](#F1){ref-type="fig"}A-B)**. The thus-formed RRNP (ATF-HSA: CPZ\@RRNP) was dialyzed to remove ethanol and urea, and was further purified through an anion exchange column to remove the unreacted ATF-HSA and CPZ. The nanoparticle held together purely by non-covalent force because no chemical crosslinking agent was used during preparation. The hydrophobic CPZ molecule was not required for the formation of nanoparticle because this procedure also worked well in the absence of CPZ.

The properties of nanoparticles, such as the size and shape, affect their efficacies [@B38]-[@B41]. At the condition of 55% ethanol, 6 M urea and a feed ratio of 1:10, we obtained ATF-HSA:CPZ\@RRNP of about 40 nm diameter **(Figure [1](#F1){ref-type="fig"}B** and**Figure [S1](#SM0){ref-type="supplementary-material"}A)** and the loading capacity of CPZ was 86.5 µg/mg ATF-HSA **(Figure [S1](#SM0){ref-type="supplementary-material"}B)**, equivalent to 12.1 CPZ molecule loaded into per ATF-HSA molecule. Although the feed ratio of ATF-HSA/CPZ is 1:10, the final loading capacity of ATF-HSA/CPZ is 1:12.1, reflecting more loss of protein than CPZ during preparation.

As a control, we also used human serum albumin (HSA) as building block [@B42], [@B43] of the biodegradable nanoparticle. HSA was also formed into nanoparticle entrapping CPZ (HSA:CPZ\@NP) by the current method with an optimized preparation condition of 6 M urea, 60% ethanol and a feed ratio of 1:10. This nanoparticle has a size of about 40 nm **(Figure [1](#F1){ref-type="fig"}C** and**Figure [S1](#SM0){ref-type="supplementary-material"}A)** and the loading capacity of CPZ/HSA was 110.37 µg/mg **(Figure [S1](#SM0){ref-type="supplementary-material"}B)**, equivalent to 11.8 CPZ molecule loaded into per HSA molecule, demonstrating the broad applicability of the method.

The thus-formed nanoparticle (ATF-HSA:CPZ@ RRNP or HSA:CPZ\@NP) appeared as clear bluish solution, an intrinsic color of CPZ, demonstrating CPZ was incorporated into nanoparticles because CPZ has no water solubility at all and was precipitate in aqueous solution **(Figure [1](#F1){ref-type="fig"}B-C)**. The CPZ is a potent photosensitizer in its monomeric form, showing phototoxicity when illuminated with 680 nm, but not so in aggregate form. The CPZ inside nanoparticles had higher percentage of monomer (680 nm) than aggregate form (635 nm) based on UV-VIS absorption measurements **(Figure [S2](#SM0){ref-type="supplementary-material"}A)**.

The size distribution and diameter of both nanoparticles in buffer solution were measured by dynamic light scattering (DLS). The results demonstrated both ATF-HSA:CPZ\@RRNP and HSA:CPZ\@NP had sizes of \~40 nm in diameter with a high degree of monodispersity **(Figure [1](#F1){ref-type="fig"}B-C)**. The zeta potential of both nanoparticles (10 mM Tris-HCl, pH 8.0) was about -20 mV **(Figure [1](#F1){ref-type="fig"}D)**, which can maintain the stability of nanoparticles. Transmission electron microscopy (TEM) images showed that both nanoparticles possessed spherical shapes with diameter of about 40 nm, which was consistent with DLS measurements **(Figure [1](#F1){ref-type="fig"}B-C)**. Both nanoparticles in buffer were stable for more than two weeks **(Figure [S2](#SM0){ref-type="supplementary-material"}B)** without change of their sizes. Importantly, the nanoparticles were also stable even in the buffer containing 10% fetal bovine serum **(Figure [S2](#SM0){ref-type="supplementary-material"}C)**.

The current preparation method uses stringent conditions with high concentrations of ethanol and denaturant urea, will this procedure affect the targeting capability of ATF-HSA? We measured the binding of monomer ATF-HSA:CPZ from ATF-HSA: CPZ\@RRNP to recombinant soluble uPAR protein by native gel shift experiment (native PAGE), and observed that uPAR indeed shifted the band of ATF-HSA:CPZ **(Figure [S2](#SM0){ref-type="supplementary-material"}D)**, illustrating ATF-HSA: CPZ from ATF-HSA:CPZ\@RRNP possessed receptor binding bioactivity comparable to native ATF-HSA.

Receptor-triggered disintegration of ATF-HSA:CPZ\@RRNP
------------------------------------------------------

We mixed the receptor targeting RRNP with recombinant uPAR (at a protein molar ratio of 1:1) and measured the size by DLS. Interestingly, we observed that the size of RRNP decreased to \~10 nm **(Figure [2](#F2){ref-type="fig"}A)**, a size comparable to ATF-HSA:uPAR complex, clearly demonstrating receptor-mediated disintegration of the RRNP. As controls, we mixed this RRNP with other proteins, including soluble protein BSA or a non-uPAR membrane surface receptor HAI-1, and observed no change of the sizes of the nanoparticles **(Figure [2](#F2){ref-type="fig"}A)**. On the other hand, we mixed non-targeting nanoparticle (HSA:CPZ\@NP) with uPAR, BSA, or HAI-1 and observed no change of sizes **(Figure [2](#F2){ref-type="fig"}B)**. We also monitored the fluorescence change of the above samples, and found the fluorescence intensity of ATF-HSA:CPZ\@RRNP increased by \~3.7 fold in the presence of receptor uPAR (at a protein molar ratio of 1:1), demonstrating reduced fluorescence self-quenching of CPZ after disintegration **(Figure [2](#F2){ref-type="fig"}C)**. However, the fluorescence in other control groups didn\'t change basically **(Figure [2](#F2){ref-type="fig"}C-D)**, demonstrating nanoparticles remained intact. To further verification, TEM experiment (**Figure [2](#F2){ref-type="fig"}E**) was done and indeed showed ATF-HSA:CPZ\@RRNP disintegrated into small fragment after incubation with recombinant uPAR. In the native gel shift assay, we incubated ATF-HSA:CPZ\@RRNP with recombinant uPAR at a protein molar ratio of 1:1 in the solution (50 mM Tris-HCl, pH 8.0, 50 mM NaCl) for 2.5 h. Then the mixture was loaded on to a native PAGE gel (8% native-PAGE). The result (**Figure [S2](#SM0){ref-type="supplementary-material"}E**) showed that the RRNP in the presence of the receptor uPAR gave a band (lane 1) at migration similar to ATF-HSA:uPAR complex (lane 3). The RRNP itself did not go into the gel (not shown), presumably due to its large size (\~40 nm). Next, we measured if CPZ remained bound to the ATF-HSA after the disintegration of RRNP. We mixed the ATF-HSA:CPZ\@RRNP with recombinant uPAR at 1:1 molar ratio for 2.5 h, and the mixture was purified through a Ni-NTA column which has affinity toward the hexahis-tag on the ATF-HSA protein. After the ATF-HSA was eluted out by eluent buffer (containing 500 mM imidazole), its ratio of CPZ/protein was measured, and the results showed the CPZ content in the eluted ATF-HSA protein was about the same as in the starting RRNP, demonstrating CPZ was remained bound to ATF-HSA after RRNP disintegration.

Furthermore, the amount of ATF-HSA:CPZ released from ATF-HSA:CPZ\@RRNP was measured to be 86%, which was calculated as the amount of monomeric ATF-HSA:CPZ from disintegrated nanoparticles divided by the amount of feeding nanoparticles. How the receptor triggers the disintegration of ATF-HSA:CPZ\@RRNP was not known mechanistically. We think this unique property of RRNP disintegration is due to its preparation method, which did not disrupt the disulfide bonds in the albumin. In addition, no crosslinking reagents, e.g., glutaraldehyde, was used to conjugate the albumin together covalently in the preparation, allowing the nanoparticle to fall apart. The RRNP is most likely held together by non-covalent hydrophobic van der Waals force contributed by the interior of albumin and CPZ, which is highly hydrophobic. Some ATF-HSA has its ATF moiety exposed outside, but some ATF are buried inside the core of RRNP. The exposed ATF most likely maintains its receptor binding conformation due to the presence of multiple disulfide bonds in its structure [@B36]. Thus, one potential mechanism of receptor-induced RRNP disintegration is that uPAR binds to the surface exposed ATF moiety of RRNP, causing the conformational change of the RRNP, resulting in more exposure of additional ATF moiety, finally leading to the disintegration of the RRNP **(Figure [2](#F2){ref-type="fig"}F)**.

Cells expressing uPAR triggers disintegration of RRNP
-----------------------------------------------------

We measured the uPAR expression levels on cells using a commercial ELISA kit. For H1299 cells, the uPAR level on H1299 was detected to be 5832 uPAR molecules per H1299 cell, which is similar to the value reported in the literature (7100 uPAR per H1299 cell) [@B44]. For HELF cells, no uPAR was detected.

Furthermore, we incubated ATF-HSA:CPZ\@RRNP or HSA:CPZ\@NP with uPAR-expressing H1299 cells or no uPAR expressing HELF cells (3.0×10^4^/ml culture medium) for 2.5 h. The supernatant of cell culture medium was collected and filtered by a 0.22 μm Millipore filter membrane prior to size measurement by DLS. The DLS result demonstrated the size of the collected culture in the nanoparticle group (uPAR-expressing H1299 cells incubated with ATF-HSA:CPZ\@RRNP, **Figure [3](#F3){ref-type="fig"}A**, red curve) was about 7.5 nm, which was the size of ATF-HSA:CPZ. As controls, the sizes of other three groups (H1299 cells incubated with HSA:CPZ\@NP, HELF cells (without uPAR) incubated with ATF-HSA:CPZ\@RRNP, or HELF incubated with HSA:CPZ\@NP, shown in **Figure [3](#F3){ref-type="fig"}A** in green, blue or black curve, respectively) were still about 40 nm, which was close to the size of nanoparticles. In another control, the size of culture medium only was found to about 6.5 nm, presumably from albumin of the serum (data was not shown). Therefore, RRNP indeed disintegrates after interacting with the uPAR on cancer cell surface.

Enhanced cellular uptake and cytotoxicity effects of receptor targeting RRNP *in vitro*
---------------------------------------------------------------------------------------

Next, we measured the uptake of nanoparticles by non-small cell lung carcinoma cells (H1299) with high expression of uPAR by incubating nanoparticles (0.5 µM CPZ) with the cells for different time periods. The results **(Figure [3](#F3){ref-type="fig"}B)** demonstrated uptake rate of the receptor-targeting RRNP was faster than the non-targeting nanoparticle. At 24 h, the uptake of receptor-targeting RRNP was more than 2.5 fold higher. As a control, the uptake of the nanoparticles on human embryo lung fibroblasts (HELF) cells expressing no uPAR was lower compared to H1299 and both nanoparticles had similar amounts of cell uptake on HELF **(Figure [3](#F3){ref-type="fig"}C)**.

CPZ is a fluorescent probe (λex = 610 nm, λem = 690 nm) in its monomeric form, and can also behave as a photosensitizer and generate cytotoxicity when excited with near-infrared light at 680 nm [@B45], [@B46]. We found that the phototoxicity of receptor targeting RRNP to H1299 tumor cells was higher than the non-targeting nanoparticles, and reached 2.1-fold at concentrations of 0.5 µM **(Figure [3](#F3){ref-type="fig"}D)**. For HELF cells expressing no uPAR, both nanoparticles had similar cellular toxicity **(Figure [3](#F3){ref-type="fig"}E)**. No cytotoxicity to either H1299 or HELF in the absence of light was observed regardless which nanoparticles were used **(Figure [S3](#SM0){ref-type="supplementary-material"}A-B)**.

In order to further confirm the receptor-mediated cytotoxicity of ATF-HSA:CPZ\@RRNP, we carried out a competition assay **(Figure [3](#F3){ref-type="fig"}F)**. We saturated the cell surface receptor uPAR by addition of exogenous ligand ATF at different concentrations (the protein molar ratio of ATF/ATF-HSA:CPZ\@RRNP was about 2:1, 20:1, 200:1), and measured the cytotoxicity of ATF-HSA:CPZ\@RRNP at 0.5 µM. We found that receptor-targeting RRNP gradually lost its cytotoxicity as the exogenous ATF concentration increased, and at a 200-fold molar excess of ATF, its toxicity dropped to a level comparable to the nanoparticle lacking targeting moiety.

We also used confocal fluorescence imaging to track the localization of the nanoparticles and their dynamics. Within 8 min of incubations of the nanoparticles (0.5 µM) with H1299 cells, we saw the accumulation of the receptor-targeting RRNP on the cells surface, but not inside the cells (**Figure [S4](#SM0){ref-type="supplementary-material"}A**). The non-targeting nanoparticles did not absorb onto the cell at this time point (**Figure [S4](#SM0){ref-type="supplementary-material"}B**). In addition, we also studied the locolization of both nanoparticles on H1299 cells. After 12 h incubation, both nanoparticles entered cells and co-localized with both lysosome **(Figure [S5](#SM0){ref-type="supplementary-material"}B)** and mitochondria **(Figure [S5](#SM0){ref-type="supplementary-material"}C).** Importantly, the nanoparticles did not localize in cell nucleus (**Figure [S5](#SM0){ref-type="supplementary-material"}A**), which is advantageous because the CPZ has large aromatic ring in its structure and can potentially intercalate with DNA and be carcinogenic.

Enhanced anti-tumor efficacy of ATF-HSA:CPZ\@RRNP *in vivo*
-----------------------------------------------------------

To evaluate the *in vivo* localization of nanoparticles on tumor, we established a tumor-bearing mice model by injecting mouse hepatocellular carcinoma cells (H22) with high expression of uPAR on the back of mice. When the volume of tumor reached \~60 mm^3^, nanoparticles (ATF-HSA:CPZ\@RRNP or HSA:CPZ\@NP at 0.05 mg CPZ/kg of mice body weight) or saline was injected via tail veins. Then the mice were imaged at various time points using 3D fluorescent molecular tomography (FMT) instrument **(Figure [4](#F4){ref-type="fig"}A)** based on CPZ fluorescence signal, which allows probe quantitation **(Figure [4](#F4){ref-type="fig"}B)**, slices of X/Y/Z axial profile across the center of H22 tumor **(Figure [4](#F4){ref-type="fig"}C),** three-dimensional imaging **(Figure [S6](#SM0){ref-type="supplementary-material"}** and**Movie [1](#SM0){ref-type="supplementary-material"}-2)**. The results showed the receptor-specific RRNP gradually accumulated on tumor more than the control (HSA:CPZ\@NP). At the 48 h, the amount of receptor-specific RRNP was 2.7-fold more than the nanoparticle without targeting moiety.

To evaluate the anti-tumor effects of nanoparticles, mice were injected with nanoparticles (the same dose as used for imaging) or saline via tail vein when the tumor volume of mice approached \~60 mm^3^. Subsequently, tumor sites of mice were illuminated using a 680 nm light source daily for 3 min to a dosage of 50 J/cm^2^. The volume of tumor **(Figure [4](#F4){ref-type="fig"}D)** and the body weight **(Figure [S7](#SM0){ref-type="supplementary-material"})** of mice were monitored daily. The results showed that tumor growth of receptor-targeting RRNP group was basically stopped in the first four days. On the seven day of treatment, the tumor volume of this group was 2.4-fold and 4.4-fold lower compared to the albumin nanoparticle group and the saline group, respectively. The tumor was cautiously exfoliated and weighted at the 7th day. The results **(Figure [4](#F4){ref-type="fig"}E)** showed the tumor weight of saline group was 1.9-fold and 6.5-fold more than non-targeting nanoparticle group and the receptor-targeting RRNP group, respectively.

We also measure the biodistribution of nanoparticles in the tumor-bearing mice (**Figure [5](#F5){ref-type="fig"}**). Both 3D images (**Figure [5](#F5){ref-type="fig"}A**) and quantitative analysis (**Figure [5](#F5){ref-type="fig"}B**) showed ATF-HSA:CPZ\@RRNP had lower accumulation on liver tissue than the NPs without uPAR targeting capability (HSA:CPZ\@NP). The liver was the organ with the cargo concentration much higher than other body parts, which was commonly observed in photosensitizers [@B37], [@B47], [@B48]. Importantly, the cargo concentration in liver decreased quickly. Other organs (kidney, spleen, lung, and heart) have significantly lower cargo concentration (in the range of 17 nM), suggesting strong safety prospect of these nanoparticles for future application. Interestingly, the cargo concentrations in other blood-rich organ like kidney were much lower than the cargo embedded in albumin [@B37].

Discussion
==========

Unique features of receptor-responsive nanoparticle (RRNP)
----------------------------------------------------------

The detailed mechanism of receptor-induced nanoparticle disintegration and endocytosis of cargo is not completely understood. The unique feature of RRNP may be related to the very tight binding between the receptor and the targeting agent (ATF-HSA), which has a dissociation constant at the sub-nanomolar range. The denaturing and refolding protocol used in the preparation of RRNP most likely did not affect the activity of ATF, because ATF is a compact protein, contains multiple disulfide bonds based on our previous structural study [@B36], and is resistant to such denaturing without reducing agent. Thus, it can be imagined intuitively that this tight binding disturbed the nanoparticle assembly, by e.g., promoting the exposure of ATF-HSA onto nanoparticle surface, and to an extent that leads to the final breakup of nanoparticles. What happen next is well-defined based on previous studies [@B32], [@B49], [@B50]: the ligand-occupied uPAR undergoes endocytosis in the presence of other cofactors, taking the cargo into the lysosome. The ligand or other cofactors are degraded, dumping out the cargo, while the receptor survives and is recycled back to cell surface. The HSA has seven specific binding sites for various cargo molecule, as defined by a number of groups [@B51] including us [@B52], and can facilitate the cargo entrance into cells.

Our current method of nanoparticle preparation has unique advantages compared to previous reported methods for protein-based nanoparticles. The previous protocols can be classified into five categories: desolvation [@B53], [@B54], emulsification [@B55]-[@B57], thermal gelation [@B58], [@B59], nab-technology [@B15], and hydrophobic-cargo-induced nanoparticle formation [@B47], [@B60]. In desolvation method, the hydration layer around proteins was removed by dehydrating agents to promote protein aggregation following by stabilized with cross-linking reagents like glutaraldehyde [@B61], [@B62]. With emulsification method, protein nanoparticles were formed by homogenizing the oil phase (e.g. cotton seed oil) containing the protein droplets at high speed and then were stabilized by chemical cross-linking agent or thermal treatment [@B55], [@B63], [@B64]. Thermal gelation method is a sequential process that involves heat-induced unfolding and formation of protein nanoparticle stabilized by van der Waals interaction and/or disulfide bond shuffling [@B58], [@B59], [@B65]. In nab-technology, drug (paclitaxel) is mixed with HSA in an aqueous solvent and passed under high pressure through a jet to form drug HSA nanoparticles named Abraxane (nab-paclitaxel), which was approved by FDA in 2005 for the treatment of metastatic breast cancer. The existing disulfide bonds of HSA may be disrupted and sulfhydryl group of HSA may be oxidized, leading to formation of new crosslinking disulfide bonds. In addition, a self-assembly strategy was also developed to construct protein nanoparticle via increasing the hydrophobicity of protein, e. g. addition of a lipophilic drug or diminishment of primary amine groups on protein surface. In the fifth method, small organic hydrophobic molecules were used to bring together protein molecules. Jeong *et al.* was the first to report the albumin-based nanoparticles by covalent conjugation of hydrophobic cargo (chlorine e6) to albumin at a stoichiometric ratio of 1:10 led to the formation of albumin:ce6 nanoparticles with a size of 88 nm [@B47]. Followed up on this work, Zhuang Liu group succeeded in generating nanoparticles of albumin promoted by lipophilic compound, such as PTX [@B60], without invoking covalent interaction. Covalent crosslinking mediated by protein disulfide bond reduction and re-oxidation was also reported to promote the formation of such albumin-drug nanoparticles [@B66], [@B67].

Our RRNP preparation bears some resemblance to last method mentioned above (hydrophobic-cargo-induced nanoparticle formation) where the aggregation of albumin into nanoparticle was promoted by hydrophobic cargo molecule. However, in our RRNP method, a hallmark feature is no hydrophobic cargo is needed to form nanoparticle - the albumin itself can be formed into nanoparticle, avoiding the use of cross-linking agents and dependence on hydrophobic cargos. The reason for such preparation is to denature the albumin and to expose its hydrophobic core completely, which will intertwine together upon removal of the denaturant, leading to the formation of nanoparticle. The main driving force for the formation of nanoparticle is most likely the non-covalent interaction among proteins with the hydrophobic interaction having prominent importance. Another observation of RRNP is its high stability, even in 10% FBS, which is not too surprised, considering the stability of hydrophobic-cargo-induced nanoparticle.

Stimuli-responsive nanoparticles for cancer therapy
---------------------------------------------------

A number of stimuli-responsive nano-systems were previously reported. The stimuli include: temperature [@B68], [@B69], pH [@B18], [@B19], redox potential [@B20], magnetism [@B70], light [@B71], [@B72] or enzyme [@B21], [@B22]. Tumor tissue has pH value with 0.5-1 units lower than the surrounding normal tissue due to metabolic glycolysis and lactic acid production. Greater pH differences can be found at the subcellular level such as lysosomes (pH 4.5-5), endosomes (pH 5.5-6) [@B73]. pH-responsive nanoparticles were designed to explore the such pH difference for controlling the release of encapsulated drugs with maximum therapeutic impact and minimum side-effects. For example, Pu *et al*. reported pH responsive nanoparticles consisted of poly(L-glutamic acid) dendrimers with polyhedral oligomeric silsesquioxane (POSS) as core. pH-responsive hydrazone bonds were used to graft cytotoxic drug doxorubicin and targeting moiety biotin to the surface of the dendrimers. Such nanoparticles is stable at neutral pH (\< 10% drug release), but at pH 5, released 90% of its cargo. *In vivo* studies in xenograft breast cancer models showed enhanced tumor inhibition efficiency and reduced systemic toxicity of the nanoparticles compared with free drug [@B74].

Tumor tissue has dysregulated activities of enzymes, such as phospholipases, oxidoreductases, proteases, which are promising biological triggers for enzyme-responsive nanoparticle in the field of theranostics [@B75]. A nanoparticle responsive to proteases (matrix metalloproteinases, MMP-2 and MMP-9) was reported by Olson *et al* [@B22], [@B76]. In this strategy, the nanoparticle composes of a dendrimer as core covalently attached to the activatable cell-penetrating peptide (ACPP). The ACPP consists of a polyarginine (polycationic) -based cell-penetrating peptide (CPP) sequence, a MMP-sensitive peptide linker (XPLGLAG) and an inhibitory domain made up of negatively charged residues (polyglutamate, 9-mer), forming a hairpin structure. The polyanionic inhibitory domain masks the adhesiveness of the polycationic CPP until proteases (MMP-2 and MMP-9) presented in tumor cut the linker, releasing the polycationic CPP and associated payload to adhere to and be taken up into cells. The as-prepared ACPP decorated nanoparticles exhibited more than 10-fold cellular association compared to unconjugated ACPP and showed high *in vivo* contrast ratio of images corresponding well to the MMP distribution in tumor.

Tumor surface receptor, as a natural stimuli or trigger, can recruit our receptor-responsive nanoparticle, followed by disintegrating and releasing cargo. Our RRNP strategy is likely to be applicable to other type of targeting proteins (ligands) and the corresponding receptors. The key of this strategy is to form stable nanoparticles not invoking covalent cross-linkers, thus, the nanoparticle will fall apart upon the tight interaction from the receptor. Although exact mechanism of RRNP disintegration is not known, one possibility is that receptors bind to the targeting proteins renatured partially, leading to the conformation change of targeting proteins and more other protein targeting domains renatured partly are exposed outside from the inside of RRNP and bind to receptors, triggering the disintegration of RRNP. In addition, our RRNP method forms nanoparticle, independent of the existence of cargo, which is different from drug-induced nanoparticle assembly strategy [@B47], [@B60]. Therefore, our method is very likely applicable to other cargos and targeting proteins to prepare RRNP besides the one reported here. Such possibility will await future test.

Conclusion
==========

To summarize, we report a novel type of receptor-responsive nanoparticle (RRNP) which not only targets to tumor receptor, but also disintegrates and releases cargos, leading to significantly improved antitumor efficiency. The receptor-triggered disintegration and cargo release was clearly demonstrated *in vitro*. *In vivo* studies also showed ATF-HSA:CPZ@ RRNP had a higher drug concentration at tumor site and better curative effect than HSA:CPZ\@NP.

Materials and methods
=====================

Materials
---------

Mono-substituted β-carboxy phthalocyanine zinc (ZnPc-COOH, abbreviated as CPZ) was synthesized according to previous procedure reported [@B45]. *Pichia pastoris yeast* strain *X-33* (Invitrogen, USA) with plasmid pPICZaA encoding HSA or ATF-HSA was constructed, as previously described [@B37]. Recombinant soluble uPAR (extracellular domain of uPAR) and ATF were prepared as previously reported [@B77], [@B78]. Ni-chelating Sepharose Fast Flow resin and diethylaminoethyl (DEAE) anion exchange resin were purchased from GE Healthcare (Uppsala, Sweden). All chemicals and reagents were of analytical grade and were purchased either from Sigma-Aldrich (St Louis, MO, USA) or from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China) unless otherwise stated. Non-small cell lung carcinoma cell line H1299 and human embryo lung fibroblasts (HELF) were purchased from American Type Culture Collection (ATCC, Rockville, MD, USA). HELF cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and antibiotics. H1299 cells were grown in RPMI-1640 medium supplemented with 10% FBS and antibiotics. All cells were kept at 37 °C in a humidified incubator with 5% CO~2~ atmosphere. The viability of cells was determined by the dye Trypan blue. Cells were maintained in logarithmic phase with viability \> 95%. The mouse hepatoma-22 cell line (H22) was purchased from the Shanghai Institute of Cell Biology (Chinese Academy of Sciences, Shanghai, China).

Expression of the receptor-targeting recombinant fusion protein: ATF-HSA
------------------------------------------------------------------------

The transformed *Pichia pastoris* strain *X-33* integrated with ATF-HSA expression vector was cultured in YPD medium (1% yeast extract, 2% peptone, 2% dextrose) containing 100 µg/ml Zeocin^®^ at 28 °C for 2 days before it was transferred into BMGY medium (1% yeast extract, 2% peptone, 100 mM potassium phosphate, pH 6.0, 1% v/v glycerol). The *X-33* strain was further cultured in BMGY medium at 28 °C for about 24 h to an OD~600~ of 4-5. After being transferred into BMMY medium (1% yeast extract, 2% peptone, 100 mM potassium phosphate, pH 6.0, 1% v/v methanol), the cells were induced every 24 h with methanol (at a final concentration of 1%) over the following 4 days to express the protein ATF-HSA. HSA was expressed in the same way as ATF-HSA.

Purification of ATF-HSA in *Pichia pastoris* strain *X-33*
----------------------------------------------------------

After 4 days\' induction with 1% methanol, the BMMY medium was harvested by centrifugation at 9,000 g for 20 min. After the supernatant was adjusted to pH 7.4 using 1 M Tris-HCl (pH 8.5) and centrifuged one more time. The supernatant was collected and applied to a Ni^2+^-chelating column that was pre-equilibrated with 20 mM Tris-HCl containing 500 mM NaCl, pH 7.4. The column was then washed by 20 mM Tris-HCl, pH 7.4, 500 mM NaCl containing 5 mM imidazole, followed by the elution of the target protein (ATF-HSA) using the above buffer containing 500 mM imidazole. The fraction containing ATF-HSA from the column was dialyzed overnight against 20 mM Tris-HCl, pH 8.0, 50 mM NaCl, at 4 °C by a dialysis membrane with molecular weight cutoff of 8-10 KDa. The molecular weight of the target protein was confirmed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) in a Bio-Rad Biologic system (Bio-Rad Laboratories Inc. Hercules, CA, USA), and the concentration of the target protein was measured by a GE Nanovue^®^ spectrophotometer (Cambridge, UK). HSA was purified in the same way as ATF-HSA.

Preparation of receptor-responsive nanoparticle (RRNP) entrapping CPZ molecule (ATF-HSA:CPZ\@RRNP)
--------------------------------------------------------------------------------------------------

To prepare ATF-HSA:CPZ\@RRNP, urea (180 mg) was dissolved in mixed solution including water (75 μl) and ethanol (300 μl). Then ATF-HSA (125 μl, 200 mg/ml) was added dropwise to the mixed solution. After stirring for 1.5 min, CPZ (1.8 mg) which had been dissolved in dimethylsulfoxide (DMSO) (20 μl) was added dropwise to the solution under stirring. After stirred for about 10 min at room temperature, and at the moment that aqueous liquid transformed into oily liquid, deionized water (4 ml) was added quickly to the solution under stirring. Half of an hour later, the mixed solution was dialyzed overnight against dialysate (20 mM Tris-HCl, 50 mM NaCl, pH 8.0) in the dark at 4 °C by a dialysis membrane with molecular weight cutoff of 8-10 KDa. Then the mixing solution dialyzed was applied to a DEAE column (column volume of \~10 ml) pre-equilibrated with equilibrium solution (50 mM Tris-HCl, 50 mM NaCl, pH 8.0). ATF-HSA monomer and free CPZ were adsorbed on DEAE column. The final product, ATF-HSA:CPZ\@RRNP, flowed straightly through DEAE column. ATF-HSA:CPZ\@RRNP was collected and stored with protein molar ratio of 1:100 (ε-poly-lysine/RRNP) at 4 °C in a dark place. As a control, HSA:CPZ\@NP was prepared by similar procedure.

Control of key parameters in the preparation process of nanoparticles
---------------------------------------------------------------------

To investigate the effect of ethanol concentration on the characteristics of protein nanoparticles, we added various concentrations (40%, 50%, 55%, 60%, 70%) of ethanol containing 6 M urea with a fixed feed molar ratio (ATF-HSA:CPZ = 1:10). In addition, we also added different concentrations (40%, 50%, 55%, 60%, 70%) of ethanol containing 6 M urea with a fixed feed molar ratio (HSA:CPZ = 1:10). Furthermore, to study the effect of the feeding molar ratio (ATF-HSA:CPZ) on the CPZ loading per ATF-HSA on final nanoparticle, ATF-HSA:CPZ\@RRNP was prepared at various ATF-HSA:CPZ feed molar ratios (1:3, 1:5, 1:10, 1:15) in the condition of 6 M urea and 55% ethanol. Meanwhile, HSA:CPZ\@NP was also prepared at different HSA:CPZ feed molar ratios (1:3, 1:5, 1:10, 1:15) in the condition of 6 M urea and 60% ethanol.

Characterization of nanoparticles
---------------------------------

The size distribution and diameter of the ATF-HSA:CPZ\@RRNP and HSA:CPZ\@NP were measured by dynamic light scattering (DLS) instrument (Nano ZS ZEN 3600, Malvern Instruments, Malvern, UK) at room temperature. Meanwhile, the zeta potential of both nanoparticles (10 mM Tris-HCl, pH 8.0) was also detected by DLS. All samples were filtered by a 0.22 μm Millipore filter membrane prior to DLS measurement. The morphology of the nanoparticles was observed by a transmission electron microscope (TEM) (Hitachi H-7650) operated at an acceleration voltage of 80 KV. The samples (protein concentration: 0.5 mg/ml) were placed on a 300-mesh copper grid coated with carbon. After drying, the samples loaded on copper grid were stained using phosphotungstic acid solution (pH 7.2). Ultraviolet-visible absorption spectra of nanoparticles were measured from 500 to 800 nm using microplate reader (Synergy4, Biotek Instruments, Winooski, VT, USA). The protein concentration of nanoparticles was determined by a BCA Protein Assay Kit (Solarbio Science & Technology Co. Ltd. Beijing, China). The fluorescence intensity of nanoparticles was measured by a microplate reader (Synergy4, BioTek Instruments, Winooski, USA) with λ~ex~ = 610 nm and λ~em~ = 690 nm.

Targeting specificity of ATF-HSA:CPZ\@RRNP *in vitro*
-----------------------------------------------------

3 ml of ATF-HSA:CPZ\@RRNP was added to 6 ml of urea solution (9 M) under stirring for 12 h. After the mixed solution was applied to the Ni-NTA column pre-equilibrated with the buffer (20 mM Tris-HCl, 6 M urea, pH 8.0), 5 column volumes of the eluent buffer (20 mM Tris-HCl, 500 mM NaCl, pH 8.0, 500 mM imidazole) was added to Ni-NTA column, the monomer target protein ATF-HSA:CPZ was eluted and collected. After dialyzing in buffer solution (20 mM Tris-HCl, 50 mM NaCl, pH 8.0), we mixed recombinant soluble uPAR with the monomer ATF-HSA:CPZ or expressed ATF-HSA from *Pichia Pastoris* at approximately a protein molar ratio of 1:1 for 2 h before doing gel shift experiment (native PAGE), only expressed ATF-HSA from *Pichia Pastoris* as a control.

Receptor-responsive disintegration and cargo release of ATF-HSA:CPZ\@RRNP *in vitro*
------------------------------------------------------------------------------------

We incubated ATF-HSA:CPZ\@RRNP or HSA:CPZ\@NP with recombinant uPAR, non-uPAR membrane surface receptor HAI-1 (a control receptor targeting at matriptase) or BSA at approximately a protein molar ratio of 1:1 in the solution (50 mM Tris-HCl, pH 8.0, 50 mM NaCl) for 2.5 h under stirring at room temperature. Then the size distribution and diameter of mixing solutions were measured by DLS. Next, the fluorescence spectrums (640 nm\~800 nm) of all samples were measured on microplate reader (Synergy4, Biotek Instruments, Winooski, VT, USA) with λ~ex~ = 610 nm. To further observe the disintegration capacity of ATF-HSA:CPZ\@RRNP, the morphology of the ATF-HSA:CPZ\@RRNP incubated with recombinant uPAR for 2.5 h was observed by a transmission electron microscope (TEM) operated at an acceleration voltage of 80 KV. In addition, gel shift assay (8% native PAGE) was carried out on the mixture (incubating ATF-HSA:CPZ\@RRNP with recombinant uPAR at approximately a protein molar ratio of 1:1 for 2.5 h). Recombinant ATF-HSA expressed from *Pichia Pastoris* was used as a negative control and the complex of ATF-HSA:uPAR (1:1) was used as a positive control.

To measure the drug release profile, we incubated ATF-HSA:CPZ\@RRNP or HSA:CPZ\@NP with recombinant uPAR, BSA or recombinant HAI-1 at approximately a protein molar ratio of 1:1 in the solution (50 mM Tris-HCl, pH 8.0, 50 mM NaCl) for 2.5 h with stirring at room temperature. All samples were applied to a DEAE column (column volume of \~6 ml) pre-equilibrated with equilibrium solution (50 mM Tris-HCl, 50 mM NaCl, pH 8.0). Intact nanoparticles flowed straightly through DEAE column and monomeric ATF-HSA:CPZ was absorbed on DEAE column. After adding eluent buffer (50 mM Tris-HCl, 350 mM NaCl, pH 8.0), the monomeric ATF-HSA:CPZ from the disintegrated nanoparticles was eluted and collected. The cargo release rate of nanoparticles was defined by the amount of monomeric ATF-HSA:CPZ from disintegrated nanoparticles divided by the amount of incubated nanoparticles.

To measure if CPZ remained bound to the ATF-HSA after the disintegration of RRNP, ATF-HSA:CPZ\@RRNP was incubated with recombinant uPAR at approximately a protein molar ratio of 1:1 in the solution (50 mM Tris-HCl, pH 8.0, 50 mM NaCl) for 2.5 h under stirring at room temperature. The mixture was applied to the Ni-NTA column pre-equilibrated with the buffer (20 mM Tris-HCl, 50 mM NaCl, pH 8.0), and 10 column volumes of the equilibrated buffer was added to wash the column. Then the eluent buffer (20 mM Tris-HCl, 50 mM NaCl, pH 8.0, 500 mM imidazole) was added to Ni-NTA column, protein in Ni-NTA column was eluted and collected. The contents of protein and CPZ were each quantified based BCA Protein Assay Kit and microplate reader with λ~ex~ = 610 nm and λ~em~ = 690 nm respectively, to obtain the ratio of CPZ/protein.

Measurement of uPAR expression level on cells by human uPAR ELISA kit
---------------------------------------------------------------------

The cells (H1299 or HELF, 5x10^5^/ml) were harvested and disrupted by ultrasonic cell disruptor. The supernatant containing uPAR was obtained by centrifugation at 8000 rpm for 5 min and detected by human uPAR ELISA kit (Shanghai JingKang Biotech, <http://www.jkbio.cn>) following the manufacturer\'s instructions. Basically, the purified human uPAR antibody was coated on microtiter plate wells, followed by the addition of the samples. The detection antibody, conjugated with horseradish peroxidase (HRP), was added, and the wells were washed five times, followed by the addition of HRP substrate (TMB). After 15 min, the reaction was terminated by the addition of a sulphuric acid solution and the color change was measured spectrophotometrically at a wavelength of 450 nm. The concentration of uPAR in the samples was then determined by comparing the OD value of the samples to the standard curve.

Measurements of nanoparticle size after incubating with cells expressing with surface uPAR
------------------------------------------------------------------------------------------

200 µl suspended H1299 or HELF cell (3x10^4^/ml) were seeded onto 96-multiwell plates and incubated overnight at 37 °C under 5% CO~2~. One blank control with only culture medium was set up in each plate. The cells were incubated with ATF-HSA:CPZ\@RRNP or HSA:CPZ\@NP (final concentration: 1 µM) for 2.5 h, and the cell culture medium in the wells were transferred to centrifuge tubes and filtered through a 0.22 μm Millipore filter membrane. The samples were then placed on DLS instrument to measure the size of the particles in the samples.

Cellular uptake of ATF-HSA:CPZ\@RRNP*in vitro*
----------------------------------------------

200 µL of exponentially growing cells (H1299 or HELF, 1.5×10^5^/ml culture medium) were cultured in 96-multiwell plates and were placed overnight under 5% CO~2~ at 37 °C. Then the cells were incubated with ATF-HSA:CPZ\@RRNP (final concentration: 0.5 µM) for different time periods (8 min, 2 h, 4 h, 8 h, 12 h, 18 h, 24 h). The culture medium only containing nanoparticles (final concentration: 0.5 µM) for various incubation times were designed as controls. Subsequently, we washed the cells with sterile PBS solution (pH 7.2) three times before we lysed the cells with 100 μl cell lysis buffer (1% SDS, 0.1 M NaOH) to get a homogenous solution. The cell protein concentration was measured by the BCA Protein Assay Kit with bovine serum albumin as standard. The fluorescence of the cell lysates was determined using a microplate reader (Synergy4, Biotek Instruments, Winooski, VT, USA) by excitation and emission at 610 nm and 690 nm, respectively. HSA:CPZ\@NP was designed in the same way in parallel as a comparison. Results were showed as nmol CPZ per mg cellular protein by four replicates in each time point. Each experiment was repeated three times.

Phototoxicity and dark toxicity of ATF-HSA:CPZ\@RRNP*in vitro*
--------------------------------------------------------------

200 µl suspended H1299 or HELF cell (3x10^4^/ml) were seeded onto 96-multiwell plates and incubated overnight at 37 °C under 5% CO~2~. One blank controller in the plate was placed with only culture medium. The cells were incubated with ATF-HSA:CPZ\@RRNP at different final concentrations (0.1, 0.25, 0.5, 1 µM) for 24 h. We washed the cells with sterile PBS (pH 7.2) twice before fresh medium was added. Then we gave an illumination for 1 min at a light dosage of 1.5 J/cm^2^ by a 680 nm LED light source (100 mW, Sundynamic Inc, Qingdao, Shandong, China) and put the plates into the incubator. After 4 h incubation, the cell viability was detected with a MTT colorimetric assay using the BioTek microplate reader at 544 nm. Dark toxicity was operated in parallel except illumination procedure. HSA:CPZ\@NP was designed in the same way. Four replicates were made at each concentration and each experiment was repeated three times.

Phototoxicity of ATF-HSA:CPZ\@RRNP on H1299 cells competed by free ATF
----------------------------------------------------------------------

H1299 cells (at a density of 3×10^4^/ml) at a volume of 200 μl per well were seeded in 96-multiwell plates and cultured overnight at 37 °C under 5% CO~2~. Before incubation with ATF-HSA:CPZ\@RRNP (final concentration: 0.5 μM) about 24 h, we added different concentrations of free ATF (the protein molar ratio of free ATF/ATF-HSA:CPZ\@RRNP was about 2:1, 20:1, 200:1) with H1299. As a control, HSA:CPZ\@NP (final concentration: 0.5 μM) was also incubated with H1299 cells about 24 h. In addition, one blank controller was filled with 200 μl culture medium only. We washed H1299 cells twice with sterile PBS (pH 7.2) before fresh medium was added. Then we illuminated the plates for 1 min at a light dosage of 1.5 J/cm^2^ with the 680 nm LED light source and subsequently put it into incubator. After 4 h incubation, we measured the cell viability using the MTT colorimetric assay on a microplate reader (Synergy4, Biotek Instruments, Winooski, VT, USA) at 544 nm. Four replications were used at each free ATF dosage and the experiment was repeated three times.

Cellular localization of nanoparticles in H1299 cell
----------------------------------------------------

1 ml suspended H1299 cells (1x10^4^/ml) were seeded in confocal chamber slides (NEST) for 24 h at 37 °C under 5% CO~2~. Then the cells were incubated with ATF-HSA:CPZ\@RRNP or HSA:CPZ\@NP (final concentration: 0.5 µM) for 8 min. After washing with PBS (pH 7.2) three times, we observed these cell specimens by the Olympus FluoView^TM^FV1000 laser scanning confocal microscope (Olympus Corp, Tokyo, Japan). In addition, the suspended H1299 cells (1x10^4^/ml) were seeded in confocal chamber slides (NEST) for 24 h. Then the cells were incubated with 1 µM ATF-HSA:CPZ\@RRNP or HSA:CPZ\@NP for 12 h and washed with PBS (pH 7.2). Subsequently, the cells were incubated with a DNA fluorescent dye, DAPI (4^\'^, 6-diamidino-2-phenylindole) for 5 min, Lyso-Tracker for 60 min or Mito-Tracker for 30 min at room temperature, respectively (the ratio and incubation time were followed under the manufacturer\'s instruction). After washing with PBS (pH 7.2), we observed these cell specimens by the laser scanning confocal microscope. The fluorescence of cell specimens in the confocal chamber slides was excited by a laser light (λ = 633 nm for CPZ, 405 nm for DAPI, 577 nm for Lyso-Tracker and 490 nm for Mito-Tracker), while the emitted fluorescence was filtered with barrier filters (650/100 nm, 450/30 nm, 510/30 nm, 590/30 nm band pass, respectively). All parameters including the laser line intensity, photometric gain, settings of photo-multiplier tube and filter attenuation were kept constant throughout the entire experiment. All images were analyzed by Olympus Fluoview v2.1 software.

Establishment of Hepatoma-22 (H22) tumor-bearing Kunming mice model
-------------------------------------------------------------------

Male Kunming mice (four weeks old, 18-22 g, purchased from Shanghai SLAC Laboratory Animal Co. Ltd., Shanghai, China) were fed and handled in accordance with the recommendations of the institutional animal care and use committee (IACUC) during the whole course of the experiment. The animals were allowed free access to water and food throughout all experimental processes. The mouse hepatocellular carcinoma cell line H22 was passaged weekly through Kunming mice with a body weight of 18-22 g in the form of ascites from the mouse abdominal cavity. To establish the tumor-bearing model, ascites containing H22 cells were harvested from the peritoneal cavity of a passaged mice about 6 days after inoculation. Subsequently, 200 μl of the ascites diluted with sterilized saline containing H22 cells (1.0×10^7^/ml) were subcutaneously injected on the back. The tumors reached a volume about 60 mm^3^ in 4-5 days after the inoculation. For imaging and therapy purpose, the hair of the tumor-bearing mice was removed by shaving and chemical depilating cream (Shibi, Shanghai, China).

Fluorescent molecular tomography (FMT) imaging of ATF-HSA:CPZ\@RRNP on H22 tumor-bearing mice
---------------------------------------------------------------------------------------------

H22 tumor-bearing Kunming mice were established as above and randomly divided into three groups (5 mice in each group) with equivalent average starting tumor volume (\~60 mm^3^) and body weight (\~22 g). Here, we used HSA:CPZ\@NP as a positive control and saline as a negative control. Mice with tumor were injected intravenously via the caudal vein with 200 μl nanoparticle (ATF-HSA:CPZ\@RRNP or HSA:CPZ\@NP, 0.050 mg CPZ/kg of mouse body weight) or saline. After the mice were anaesthetized with isoflurane, the tumor targeting property of the nanoparticles within the mice was detected at various time points (1 h, 2 h, 4 h, 8 h, 12 h, 24 h, 48 h, 72 h, 96 h) by using a fluorescent molecular tomography (FMT) 2500™ LX instrument (PerkinElmer, Waltham, USA). A 680 nm laser diode was used to excite the CPZ molecules in the mice body and the regions of interest (ROIs) were scanned with 50-60 source locations and default scan parameters (3 mm spacing between adjacent source locations). Long wavelength fluorescence emission (690-740 nm) was detected. To quantify the CPZ content, 1 μM ATF-HSA:CPZ\@RRNP in saline was used as a standard to calibrate the instrument. The recorded images were reconstructed by the software TrueQuant v3.0 (PerkinElmer, Waltham, USA) to get the quantitative information in terms of the total amount (in picomoles) of fluorochrome by drawing ROIs around the tumor sites, non-tumor sites after the subtraction of auto-fluorescence from the tumor-bearing mice treated with saline. In order to prevent photosensitizer degradation, all mice were maintained in the dark environment after the injection of nanoparticles during the whole experiment period except the process of FMT measurements.

Photodynamic efficacy of ATF-HSA:CPZ\@RRNP on H22 tumor-bearing mice
--------------------------------------------------------------------

H22 tumor bearing mice (established as above) were randomly divided into four groups (10 mice in each group) with equivalent average starting tumor volume (\~60 mm^3^) and body weight (\~22 g) for photodynamic therapy (PDT). Two treated groups were injected 200 μl of ATF-HSA:CPZ\@RRNP or HSA:CPZ\@NP separately (both at a dosage of 0.050 mg CPZ/kg of mice body weight) via the caudal vein followed by continuous daily light illumination with a 680 nm light source (1 W, Luma Care Medical Group, Newport Beach, USA) for 3 min to get a light dosage of 50 J/cm^2^. Another control group was injected 200 μl of saline with daily light illumination as a control. The hair of tumor regions was shaved before light treatment in order to reduce the interference from hair at the tumor surface. The subcutaneous tumor volume was measured daily with a caliper and calculated using the ellipsoid volume formula π/6 x (length x width x height). Body weight was also recorded daily with a precise balance during 7 days experiment period. Mice were kept away from light during the experiment period in order to prevent CPZ degradation. After the completion of the photodynamic therapy, mice were sacrificed and the tumor was carefully dissected out and weighted.

Biodistribution and clearance of nanoparticles in H22 tumor-bearing mice
------------------------------------------------------------------------

The H22 tumor-bearing Kunming mice were established and divided into a total of twelve groups with equivalent average starting tumor volume (\~60 mm^3^) and body weight (\~22 g) randomly. Tumor-bearing mice were injected intravenously via the caudal vein with 200 μl nanoparticle (ATF-HSA:CPZ\@RRNP or HSA:CPZ\@NP, 0.050 mg CPZ/kg of mouse body weight). At 6, 12, 24, 48, 72, 96 h post the injection, mice were sacrificed and their primary organs (liver, lung, spleen, kidneys, heart) were dissected out and washed by saline. After dried using a paper towel, these organs were put on sampling cassette and imaged by the FMT instrument using the same acquisition settings as for *in vivo* imaging.

Statistical analysis
--------------------

All data represent group means and standard errors of the mean (SEM). The experimental data *in vitro* and *in vivo* were analyzed using the unpaired, 2-tailed Student t test. Differences at the 95% confidence level (p \< 0.05) were considered to be statistically significant.
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:   human embryo lung fibroblasts

HRP
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HSA

:   human serum albumin

H1299

:   non-small cell lung carcinoma cell line H1299

H22

:   mouse hepatoma-22 cell line
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:   institutional animal care and use committee

MMP

:   matrix metalloproteinases
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:   photodynamic therapy
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RRNP

:   receptor-responsive nanoparticle
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:   sodium dodecyl sulphate-polyacrylamide gel electrophoresis
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:   transmission electron microscope

uPA

:   urokinase-type plasminogen activator

uPAR

:   urokinase-type plasminogen activator receptor.

![**A)** Schematic illustration of the preparation of receptor-responsive nanoparticle (RRNP). Both nanoparticles ATF-HSA:CPZ\@RRNP **(B)** and HSA:CPZ\@NP **(C)** showed monodispersed distribution on DLS. The TEM images and photograph of the respective nanoparticles were shown as insets. The insets at lower right panels showed that the hydrophobic cargo CPZ precipitated in aqueous buffer but was solubilized inside nanoparticles (left). **D)** The zeta potential of both nanoparticles (10 mM Tris-HCl, pH 8.0) was about -20 mV.](thnov09p0884g001){#F1}

![**A)** ATF-HSA:CPZ\@RRNP (black curve, size \~40 nm) was disintegrated and reduced to \~10 nm in the presence of recombinant uPAR receptor at a protein molecular ratio of 1:1 (red curve) but no disintegration observed in the presence of non-uPAR membrane surface receptor HAI-1 (green curve) or BSA (blue curve). **B)** HSA:CPZ\@NP (\~40 nm, black curve) is stable in the presence of uPAR (red curve), HAI-1 (green curve) or BSA (blue curve). **C)** Fluorescence of ATF-HSA:CPZ\@RRNP (black curve) increased in the presence of recombinant uPAR receptor at a protein molecular ratio of 1:1 (red curve), but remain unchanged in the presence of non-uPAR membrane surface receptor HAI-1 (green curve) or BSA (blue curve). **D)** Fluorescence of HSA:CPZ\@NP (black curve) did not changed in the presence of uPAR (red curve), HAI-1 (green curve) or BSA (blue curve). **E)** The TEM images showed ATF-HSA:CPZ\@RRNP disintegrated into small pieces after incubation with recombinant uPAR protein for 2.5 h. Left TEM image is for ATF-HSA:CPZ\@RRNP whereas the right TEM is the nanoparticle containing 1:1 uPAR and was incubated for 2.5 h. **F)** Schematic illustration of receptor-triggered disintegration and cargo release of ATF-HSA:CPZ\@RRNP.](thnov09p0884g002){#F2}

![**A)** uPAR on H1299 cell triggers the disintegration of ATF-HSA:CPZ\@RRNP (red curve), however, the sizes of other three groups, H1299 incubated with HSA:CPZ\@NP (green curve), HELF incubated with ATF-HSA:CPZ\@RRNP (blue curve) or HELF incubated with HSA:CPZ\@NP (black curve) did not change basically. **B)** ATF-HSA:CPZ\@RRNP shows higher cellular uptakes in H1299 cell compared with HSA:CPZ\@NP. The time points (8 min and 2 h) of cells uptake were enlarged and shown as insets. **C)** Both nanoparticles have similar cellular uptakes in HELF cells. The time points (8 min and 2 h) of cells uptake were enlarged and shown as insets. **D)** ATF-HSA:CPZ\@RRNP shows enhanced phototoxicity on H1299 cells compared with HSA:CPZ\@NP at the same drug concentration. **E)** Both ATF-HSA:CPZ\@RRNP and HSA:CPZ\@NP display no phototoxicity on HELF cells compared to H1299 cells. **F)** The pre-incubation of free ATF (200-fold) with H1299 cells followed by the addition of ATF-HSA:CPZ\@RRNP reduced the enhanced phototoxicity of ATF-HSA:CPZ\@RRNP (left column) to the level of HSA:CPZ\@NP (right column). Values represent the mean of three separate experiments; bars represent standard error of the mean (SEM). The unpaired, 2-tailed Student t test was used to analyze data; \* p \< 0.05, \*\* p \< 0.01, \*\*\* p \< 0.001.](thnov09p0884g003){#F3}

![**A)** Diagram of fluorescence molecular tomography imaging instrument. **B)** Kinetics of cargo accumulation in the tumor sites of mice. The data were averaged from 5 mice in each group. **C)** Representative three-dimensional (X/Y/Z axial) profile of H22 tumor in Kunming mice post intravenous injection of nanoparticles. Slices of X/Y/Z axial profile across the center of H22 tumor in Kunming mice taken at different time points (1, 2, 4, 8, 12, 24, 48, 72, 96 h) post intravenous injection of ATF-HSA:CPZ\@RRNP and HSA:CPZ\@NP. **D)** ATF-HSA:CPZ\@RRNP leads a significant reduced tumor growth rate compared with HSA:CPZ\@NP-treated group and the saline-treated group. The data were averaged from 10 mice in each group. **E)** After 7-day photodynamic therapy, all mice were sacrificed and tumor were removed and weighed. The tumor weights of ATF-HSA:CPZ\@RRNP group were significant smaller than HSA:CPZ\@NP group and saline group. The data were averaged from 8 mice in each group. All bars represent standard error of the mean (SEM). The unpaired, 2-tailed Student t test was used to analyze data; \* p \< 0.05, \*\* p \< 0.01, \*\*\* p \< 0.001.](thnov09p0884g004){#F4}

![**A)** Representative organs fluorescence images of H22 tumor-bearing mice taken at different time points (6, 12, 24, 48, 72, 96 h) post intravenous injection of ATF-HSA:CPZ\@RRNP (top) and HSA:CPZ\@NP (bottom). **B)** 3D quantitative analysis showed ATF-HSA:CPZ\@RRNP group showed lower drug accumulation in liver tissue than HSA:CPZ\@NP group. In addition, the cargo concentration in liver decreased quickly. Other organs (kidney, spleen, lung, and heart) have significantly lower cargo concentration (in the range of 17 nM), suggesting strong safety for future application. The data were averaged with the bars representing standard error of the mean (SEM).](thnov09p0884g005){#F5}
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